Seven cyclotetradepsipeptides, namely beauverolides C (1), F (2), I (3), J a (4), L (5), M (6), and N (7), were isolated from the entomopathogenic fungus Isaria fumosorosea. The beauverolides were evaluated as potential calmodulin (CaM) inhibitors using the newly designed CaM biosensor hCaM M124C-AF 350 ; these peptides displayed high affinity to the protein with dissociation constants (K d ) ranging from 0.078 µM to 3.44 µM. Beauverolide J a , the only one containing a tryptophan residue in its structure, showed the highest affinity. The docking study predicted that beauverolides could bind to CaM in the same site of interaction as chlorpromazine, a well-known calmodulin ligand.
In recent years, several compounds with extraordinary anti-CaM activity have been isolated from natural sources, including plants and some fungal species [3] . As part of our ongoing research for the discovery of new and more potent CaM ligands from natural sources [4a-d] , we have studied Isaria fumosorosea Wize [syn: Paecilomyces fumosoroseus (Wize) A.H.S. Br. & G. Sm.], an entomopathogen fungus currently used for the biological control of whiteflies (Homoptera: Aleyrodidae) [5] .
Bioaassay-guided fractionation of the total extract was performed using the newly designed CaM biosensor hCaM M124C-AF 350 , which showed higher quantum efficiency (0.842) in comparison with the wild-type hCaM protein (). In addition, this fluorophore provides responses in the UV spectrum, making it possible to test colorful organic extracts or pure compounds without interfering with the response of the biosensor.
Partitioning of the active organic extract led to the active polar fraction F ME , which was composed of seven cyclotetradepsipeptides according to a UPLC-MS analysis. The use of semi-preparative liquid chromatography allowed separation and purification of the main components in the fraction, and comparative analyses of their 1 H, 13 C NMR and IR spectra with those reported in the literature confirmed their identity as beauverolides C (1), F (2), I (3), J a (4), L (5), M (6), and N (7) . Compounds 1-7 have been previously reported in the genera Beauveria and Paecilomyces [6a-c] .
Beauverolides represent a group of lipophilic and neutral cyclotetradepsipeptides containing linear and branched C 9 -or C 11 -βhydroxy acid residues [7] . Beauverolides are not mycotoxins since they do not exhibit bactericidal, fungicidal, insecticidal or any other toxic effects; and, though they may play some role in insect immunomodulation, the essential biological function is not clearly understood [6c]. Beauverolides have been well characterized as inhibitors of lipid-droplet formation in macrophages, since they inhibit macrophage acyl-CoA:cholesterol acytransferase (ACAT) activity, blocking the synthesis of cholesterol ester, and consequently lessening atherogenic lesions in mouse models of atherosclerosis [8a,b] . The isolated cyclotetradepsipeptides were evaluated using the CaM biosensor hCaM M124C-AF 350 , built-in with an Alexa Fluor ® 350 C5-maleimide fluorophore. The fluorescent biosensors represent a powerful, fast, reliable and low-cost tool for detecting proteinligand binding; moreover, the amounts of sample required for the assay are minimal [9a,b] . The results ( Figure 2 ) revealed that beauverolides 1-7 interacted with CaM, with affinities (expressed as their dissociation constants, K d ) ranging from 0.078 to 3.44 µM. The most active compound, beauverolide J a (4), was almost tenfold more active than chlorpromazine (CPZ), a well-known CaM classical inhibitor used as positive control.
The highest affinity of beauverolide J a to CaM could be attributed to the presence of a tryptophan moiety in the molecule; this amino acid is more hydrophobic than the other amino acid residues (phenylalanine, valine and tyrosine) present in the related compounds.
In order to predict the site of interaction of 1-7 with Ca 2+ -CaM, a theoretical docking study was conducted using the software AutoDock 4.2 and AutoDockTools1.5 [10] . This software allows also the calculation of theoretical inhibition constant (K i ) from the docking energy parameters, which represents the degree of affinity.
CaM features four well-characterized regions rich in hydrophobic amino acid residues where most small-molecule ligands interact. Docking of beauverolides 1-7 into Ca 2+ -CaM (PDB code 1a29) suggested that, in all cases, they bind in the same pocket of chlorpromazine (Figure 3 for docking of 4-Ca 2+ -CaM). The residues involved in the interactions of the cyclodepsipeptides 1-7 with Ca 2+ -CaM comprise Glu14, Ala15, Leu18, Phe92, Ile100, Leu105, Leu109, Glu114, Met124, Ile125, Glu127, Ala128, Phe141, and Met144. The binding forces in all cases were mainly hydrophobic in nature, since non hydrogen-bond formation was detected. According to the energy parameters shown in Table 1 , the best theoretical affinity was displayed by 4, in agreement with the experimental results.
Taken together, the experimental and theoretical results allow the beauverolides to be clustered into two groups according to their K d and K i constants. The first group includes those compounds whose R1 and R3 residues are alanine and isoleucine, respectively, i.e. beauverolides C, F and L. The second group comprises beauverolides N and M, in decreasing order of affinity, which possess alanine and leucine as residues R2 and R3, respectively. The length of the branched chain appears to have no relevance in the structure-activity relationship.
In summary, we isolated seven cyclotetradepsipeptides from I. fumosorosea, characterized by spectroscopic and spectrometric methods as beauverolides. All the fungal compounds showed significant anti-CaM activity, with affinity constants ranging from 0.078 µM to 3.44 µM. The predicted site of interaction was similar to that of CPZ. This investigation represents the first report of anti-CaM activity for cyclotetradepsipeptides.
Experimental
General experimental procedures: IR spectra were obtained using a Perkin-Elmer Spectrophotometer 400 FT-IR. NMR spectra, including HSQC and HMBC, were recorded in either CDCl 3 or DMSO-d 6 using a Varian Inova 500 spectrometer at 500 ( 1 H) and 125 MHz ( 13 C), with tetramethylsilane (TMSi) as an internal standard; chemical shifts were recorded as  values. UPLC-MS analyses were acquired with a Waters UPLC-MS Synapt GS-2 (TOF) instrument, using an Acquity UPLC-BEH RP-C18 column ( 
Fermentation, extraction, and isolation:
The fungus I. fumosorosea was grown in PDA Petri dishes for 15 days. The agar was cut into pieces (1 cm 2 ) and inoculated in 6 2 L Fernbach flasks, each containing 1.8 L of potato-dextrose broth (PDB). Inoculated flasks were incubated at room temperature for 21 days in static conditions. After incubation, the culture media was subjected to successive partitions with CH 2 Cl 2 and the separated mycelium was macerated with a mixture of CH 2 Cl 2 -MeOH (9:1). The mycelia and broth extracts were combined according to their chromatographic homogeneity, and evaporated under reduced pressure to afford a yellowish extract (980 mg). The total extract was suspended in 500 mL of a mixture of MeCN-MeOH (1:1) and partitioned with n-hexane (5  350 mL). The combined MeCN-MeOH fractions were dried in vacuo and the resulting residue (350 mg) was washed with successive portions of MeOH. The dried extract was then subjected to RP-HPLC for separation of beauverolides.
